Crystallization of fused silica surfaces by ultra-violet laser irradiation J. Appl. Phys. 112, 023118 (2012) Mechanism for atmosphere dependence of laser damage morphology in HfO2/SiO2 high reflective films J. Appl. Phys. 112, 023111 (2012) Spectral analysis of x-ray emission created by intense laser irradiation of copper materials Rev. Sci. Instrum. 83, 10E114 (2012) Four-domain twisted nematic structure with enhanced liquid crystal alignment stability and fast response time J. Appl. Phys. 112, 014512 (2012) Additional information on AIP Conf. Proc. Abstract. Electronic excitation-relaxation processes induced by ultra-short laser pulses are studied numerically for semiconductors and dielectric materials (Si, quartz). A detailed kinetic approach is used in the calculations accounting for electron-photon-phonon, electron-phonon and electron-electron scatterings. In addition, both laser field ionization ranging from multiphoton to tunneling one, and electron impact (avalanche) ionization processes are included in the model. Based on the performed calculations we study the relaxation time as a function of laser parameters. It is shown that this time depends on the density of the created free carriers, which in turn is a nonlinear function of laser intensity. In addition, a simple damage criterion is proposed based on the mean electron energy density rather than on critical free electron density. This criterion gives a reasonable agreement with the available experimental data practically without adjustable parameters. Furthermore, the performed modeling provides energy absorbed in the target, conditions for damage of dielectric materials, as well as conditions for surface plasmon excitation and for periodic surface structure formation on the surface of semiconductor materials.
INTRODUCTION
Interactions of ultra-short laser pulses with wide band gap materials are used in numerous areas such as photonics, micromachining, and medicine [1, 2] . In particular, femtosecond lasers have found many promising applications in texturing semiconductor and dielectric materials forsollar cells, in microelectronics and in microfluidics [3, 4, 5] . However, it is still difficult to control over the quality and the size of laser-treated areas due to the lack of understanding of ultra-short laser interactions. Thus, our knowledge of ionization probabilities defining electronic excitation processes is very limited and is based on numerous assumptions (monochromatic waves, parabolic band structure, etc [6, 7] ). These probabilities were often limited by extreme regions of the Keldysh parameter (multi-photon or tunneling ionization) [8] . The correct description of the the relaxation processes is even more challenging, since such effects as the formation of self-trapped excitons and recombination processes remain rather poorly understood. All these processes are, however, important in determining such parameters as laser damage threshold. Therefore, to further develop the applications of femtosecond lasers, it is essential to develop theoretical and numerical models of ultra-short interactions with dielectric and semiconductor materials. In these models, time-dependent electron distribution function should be considered. In fact, the assumption of equilibrium strongly limits the capacities of many simplified models to correctly predict the kinetics of laser excitation processes [9] . As a result of this assumption, many adjustable parameters were used in these models. Because of the adjustable parameters, such as collision frequency and ionization probabilities, even when the results of the modeling agree with the experiments, they do not provide an explanation of the physical processes involved.
Previously, many models were based on a simplified rate equation [10, 11] and only several theoretical studies used a detailed quantum-kinetic approach [9] . In fact, these approaches often c disregarded strong deviations from equilibrium that typically occur in the electron sub-system upon femtosecond interactions. A study of the detailed non-equilibrium kinetics was performed by Kaiser [9] . These calculations provided an information about the relaxation time for metal and dielectric materials, as well as about the final electron density of free electrons created in the conduction band due to both photo-ionization and electron-impact ionization processes. In addition, the role of laser pulse duration in the elucidation of the prevailing ionization mechanism was investigated [12] . However, many issues are still puzzling. For instance, it is unclear how the relaxation time depends on laser parameters. In fact, the density of the created carriers and the collision frequency depend strongly on both laser intensity and pulse duration. A more detailed investigation of these parameters is, therefore, required for to better understand ultra-short laser interactions with dielectric and/or semiconductor materials.
In addition, it was demonstrated that if laser intensity is above a certain value, optical breakdown (OB) occurs in dielectric materials [10] . This intensity value was often taken to be equal to the damage threshold. This assumption, however, requires a careful verification. For instance, in several studies the OB-based threshold was found to disagree with the measured damage thresholds. As a result, several modifications of the damage criterion were proposed based on a comparison of the electron energy with melting temperature [13, 14] . To calculate laser damage criterion correctly, one should consider the non-equilibrium electron energy distribution, and know the corresponding relaxation times. For this, we develop a model based on the solution of a system of Boltzmann transport equations (BTEs) for electrons and phonons. A series of calculations is performed for quartz. The electron energy distribution is calculated as a function of time. Then, an average electron energy is investigated as a function of laser parameters. In addition, electron relaxation time is examined and a damage criterion is proposed based on the mean electron energy rather than on the fee electron density.
Finally, a similar approach is used for Si. As a result, collision frequency can be obtained, which is then introduced in a traditional rate-diffusion equation. The formation mechanisms of surface periodic structures on Si surface are then considered. The possibility of surface plasmons exitation and their role in formation of periodic surface structures is then discussed on the basis of the results for single pulse experiments, and our numerical simulations.
MODELING DETAILS
Our model is based on a system of Boltzmann transport equations (BTEs) for electrons and phonons [8, 9, 15] . For dielectric materials, the system can be written as follows 
where f is free electron distribution function, g is phonon distribution function forth phonon mode, pi is the photoionization collision integral (CI) [8, 9, 16] , e-ph-pht is electron-phonon-photon CI, which describes pure electron-phonon collisions and absorbing laser energy by free electrons due to electron-phonon collisions [17] , imp CI describes the impact ionization process [18, 19] , e-e is electron-electron CI [19] , ph-epht is phonon-electron-photon CI [17] . [20] , the acoustical branch applied as Kaiser [8, 9] . In addition to the onephoton processes, many-photon processes were taken into account in e(ph)-ph(e)-pht collisions.
Once equilibrium is established in the electron subsystem, by assuming fluxdoubling condition [10] , the BTE equation can be replaced by the rate or drift diffusion equation for dielectric target [21] 
where n e is the number density of conduction band electrons, n v is the total number of valence band electrons, is laser frequency, pi l is the multi-photon collision crosssection, is the avalanche ionization parameter, and is the relaxation time. In this simplified approach, Drude-Lorentz model is often used to calculate absorption [22] . For the calculations of free-carriers energy absorption in dielectric materials, the dielectric function is typically written as follows 
where is collision frequency, is the dielectric constant of unexcited material, is the critical density of free electrons required for optical breakdown.
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For semiconductor materials, one should account for the formation of free carries (electrons and holes), for their recombination and diffusion processes. The corresponding drift diffusion equations can be written as follows [22, 23, 24] 8) where and are the mobility of free carriers; e µ h µ 1 , 2 are ionization probability from the multi-photonic regime approximation [24] ; II is the impact ionization rate, 0 is the Auger recombination time and is the recombination rate [25] , despite that the electron-hole plasma recombination lifetime is driven by carrier diffusion [26] . The other parameters are the same as in [24] . The optical response of the material is considered by using the dielectric function and taking into account the effect of band gap renormalization due to electron photo-excitation. [22] . The collision frequency is matched to the reflectivity measurements for Si [27] .
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CALCULATION RESULTS AND DISCUSSION
Electronic excitation and relaxation process in dielectric materials
First, we investigate electron energy distribution (electron distribution function, or DF). The calculated DFs are shown in Fig. 1 . One can see in the Figure that right after the photoionization, the distribution is far from the equilibrium Fermi function. It takes from around 30 to 50 fs to reach equilibrium at laser pulse duration of 100 fs and laser intensity of 6.25×10 13 W/cm 2 . Then, we demonstrate the dependency of the thermalization time on laser pulse duration (Fig. 2) . One can see in Fig. 2 that a maximum can be observed at certain pulse duration. This behavior can be explained as follows. When the density of free electrons is small, the collision rate responsible for absorption and photo-ionization is larger than the rate of electron-electron (e-e) collisions, which are responsible for their thermalization. Therefore, until a certain pulse duration, the increase in pulse duration results in the increase in absorption, rather than in the reduction of the e-e relaxation time. Only when laser pulse duration overcomes a certain value (here, 55 fs, keeping the same laser field, or intensity), the electron density increases enough so that the e-e collisions become more frequent than that responsible for absorption. As a result, the thermalization time starts diminishing for pulses longer than this value. Figure 3 demonstrates that the optimum value of laser intensity can be observed in our calculations. Here, the laser absorption decays because of the screening effect. In fact, when the electron density exceeds a critical value ,
n m e [28] , the laser irradiated dielectric is transformed in an absorbing and reflecting material. 
Laser damage criterion for dielectric materials
A correct definition of laser damage criterion is a challenging task. Previously, the criterion of OB was used based on the critical electron density as follows . Our calculations demonstrate that the critical electron density typically . . o b cr n n does not exceed 1-2 % of valence electrons if the criterion is based on the OB concept. In addition, material's structure is completely disregarded in such condition. Moreover, one can show thatthe density of free electrons having enough energy to ionize other neutral atoms/molecules can be insufficient by the end of the pulseeven if the critical density is reached [29] . It should be noted that only extensive bond breaking could guarantee laser damage, rather than OB itself. Therefore, a thermal criterion is more relevant. To obtain such a criterion, we propose to compare the total energy of free electrons per atom with the energy of atoms at melting temperature 
In this equation, material properties are taken into account. For wide band-gap dielectrics and for short pulses when photo-ionized electrons have no time to absorb addition energy, i.e. tot pi nl ; and we can rewrite our condition as following th cr n n ,
To check the validity of this criterion we perform a comparison with the experiment findings [30] ( Fig. 4) . The calculation results agree with experimental data forlaser pulse durations longer than 50-70 fs. Surface periodic structure formation on Si surface
In this section, we check conditions that are required for surface plasmon excitation on Si surface. It is well known that surface plasmons (SPs) can be excited at a metal-insulator interface. Thus, the first condition is that the real part of the refractive index of laser-excited target has to be negative, as in the case of the metaldielectric interface [31] . The second condition is that the absolute value of the real part of "metallic" medium has to be larger than the refractive index of the "insulator" part of the interface. This condition is required to respect the continuity of fields at the interface. The period of the resulting surface plasmon polaritons (SPP) is given by Figure 5 shows the period of a SPPs as a function of free-electron-density for a wide range of collision frequencies permitted by continuous models available in literature [32] . One can observe that the SPP's period is sensitive to collision frequency. Periodic structures can be attributed to the SPPs if the free-carrier density grows above the critical density (OB condition). The calculations show that the plasmon model explains single-shot ripples, for which the period is slightly above the laser wavelength [33] . Figure 6 . Conditions on free electron density obtained by using the Drude model to initiate plasmon resonance. Green dashed curve shows the free-electron density needed to reach the metallic condition (as a function of collision frequency). The red plain curve is the free-electron density necessary to excite surface plasmons.
To clearly examine the conditions of SP excitation, Fig. 6 defines the collision frequency required to reach the OB condition and the other one , which is needed to reach SP's excitation ( 1 Re ). By solving the equation 0 Re , it is possible to extract the free-electron density as a function of collision frequency. The half-space above the curves defines the free electron density, which is required to excite SPs. The calculation results show that SPs can be exited at the interface between the air/vacuum and the bulk silicon under a femtosecond irradiation. The corresponding conditions have revealed that the free-electron density has to be larger than m 28 1.7 10 e n -3 . In addition, a phase matching condition was also discussed in [34] Figure 7. Both calculated and experimentally measured periods of ripples normalized by laser wavelength as a function of laser fluence. The corresponding period is shown at the right axis. The spots obtained with equal number of pulses have been linked by splines interpolation curves. The surface plasmon model has provided periods reported by a plain curve. Our single laser pulse experiments are shown by continuous error bars on the top right of the figure, and correspond to the SPP model [33] . The results of Sipe's roughness model [35] are shown by using point-dashed curve with error bars. Experimental points with low number of pulses are shown by long-dashed and shortdashed curves. Figure 7 compares the calculated and the measured [34] periods of laser-induced periodic surface structures in femtosecond regime. The period of SPPs and the results of single pulse experiments are in agreement. The results explain why ripples with period slightly higher than the laser wavelength appear after a single-pulse irradiation.
SUMMARY
In summary, first we have investigated ultra-short laser interactions with quartz by accounting for the absence of equilibrium in the electronic sub-system. The relaxation time has been shown to depend on laser parameters, such as pulse duration and laser fluence. This result has been attributed to the difference in free electron densities that are reached.
In addition, an effect of screening has been revealed in our investigation of laser absorption efficiency as a function of laser parameters. This effect is connected with the OB. Then, we have proposed a new criterion for laser damage that is based on the effect of bond breaking rather than on the OB. The calculated damage threshold agrees with the available experimental measurements. The proposed equations are simple enough and can be used in many models.
Finally, based on the dielectric index and phase-matching conditions, we have shown that SPs can be excited on Si during a 100 fs and 800 nm single-pulse irradiation. In particular, the required free-electron density has been reached upon an ultrafast laser irradiation of Si with sufficient fluence. In addition, the period of SPPs has been calculated depending on laser fluence. It has been shown that SPPs can be responsible for certain periodic structures on Si.
